surgeons. CS surgery is associated with high rates of complications including new cranial nerve palsies, and with low rates of improvement in preoperative cranial nerve palsies.
Stereotactic radiotherapy was developed as a noninvasive treatment of brain lesions using highly focused irradiation. 6 In particular, the development of the Gamma Knife has led to good long-term results in recent years. [7] [8] [9] [10] Although the rate of tumor control varies depending on lesion size and histopathology, many studies have showed the success of stereotactic radiosurgery in the treatment of CS lesions, 7, 9, [11] [12] [13] with acceptable morbidity rates. [8] [9] [10] 12 A more conservative surgical management of CS lesions is performed, followed by adjuvant stereotactic radiotherapy. The microscopic transsphenoidal approach to the CS was first performed in the 1990s.
14, 15 The transsphenoidal approach is an excellent, logical route for removing CS tumors through the medial CS wall, especially pituitary adenomas. In the transsphenoidal approach, tumors invading the CS through its medial wall are approached inferomedially following the direction of tumor growth, thus sparing the cranial nerves. However, the limitations of the transsphenoidal approach are the narrow surgical corridor and insufficient visualization. With the development of new endoscopic instruments, improved visualization provided by endoscopes has expanded the limitations of the traditional microscopic transsphenoidal approach, enabling safe resection of CS lesions. Moreover, a better surgical outcome can potentially be achieved using a two-surgeon, bimanual technique in a team collaborating with an otolaryngologist.
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Although the efficacy of surgical management of CS tumors via the endoscopic endonasal approach (EEA) has been reported in cases of invasive pituitary adenoma, [17] [18] [19] [20] [21] [22] [23] limited data have been focused on nonfunctioning pituitary adenoma (NFPA). The removal of CS invasion in NFPA cases is still controversial, and we intentionally excluded functioning tumors and focused on the surgical results via the EEA of Knosp grade 4 NFPA, in which the CS lateral extension was clear. The benefits of surgical resection must be weighed against the complications associated with surgery and the need to respond to patient expectations.
Materials and Methods

Study Selection
This retrospective study was approved by the Keio University School of Medicine review board. We reviewed patients with NFPA, involving the CS who underwent surgery via the EEA. CS invasion was reported according to the Knosp criteria, 24 and only Knosp grade 4 cases were included in the present study.
Data Analyses
We analyzed tumor size, symptoms, extent of resection, and complications. All pre-and postoperative MRI images were retrospectively reviewed by an independent neurosurgeon (KK), who calculated the extent of surgical resection of the total tumor and the CS. Volumetric analysis was completed using the SYNAPSE VINCENT imaging system (Fujifilm Medical Co., Tokyo, Japan) with three-dimensional visualization, and the segmentation tool function on gadolinium-enhanced T1-weighted images obtained close to the date of the operation. The degree of surgical resection of the CS was classified retrospectively as: (1) gross total resection (GTR; 100% volume reduction); (2) near total resection (NTR; 80-99% volume reduction); (3) subtotal resection (50-80% volume reduction); or (4) partial resection (< 50% volume reduction) according to a previous report on the analysis of CS surgery.
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Surgical Procedure
Surgery via the EEA was performed using the binostril, twosurgeon technique in collaboration with otolaryngologists. An outfracture of the bilateral middle turbinate was performed to create a surgical corridor, and the right middle turbinate was resected if necessary. A modified rescue flap was raised in cases when cerebrospinal fluid (CSF) leakage was not expected; 25 if CSF leakage was expected, a vascularized nasoseptal flap was prepared. 26 After resection of the posterior segment of the nasal septum for the binostril approach, a wide sphenoidotomy was performed. The sellar floor was opened in most cases, and the bone of the ventral CS was removed. The extent of the bone removal was dependent on the tumor location. For lesions occupying both the sella and the CS, the transsellar and medial approach to the CS was used. For lesions involving the CS but not the sella, the direct CS approach was used. For lesions in the lateral part of the CS, the transpterygoid approach was needed in some cases. If needed, additional bony decompression of the optic canal was performed before tumor removal. In the transsellar and medial approach, resection of the CS tumor proceeded from medial to lateral, with opening of the medial wall of the CS. In the direct CS approach/transpterygoid approach, the dura of the ventral CS was opened after confirmation of the location of the ICA using both navigation and Doppler. During tumor removal, electrostimulation was used to identify the course of cranial nerves III and VI, especially lateral to the intracavernous ICA. After tumor removal, when the intracavernous ICA was broadly exposed, the dural defect was covered with a nasoseptal flap. The large dural defect with CSF leakage was reconstructed in a multilayered fashion. The fascia was positioned as a subdural inlay, and a nasoseptal flap was used to cover. Abdominal fat and oxidized cellulose with fibrin glue were used at the dural and osseous edges.
Statistical Analyses
Statistical analyses of categorical variables were performed using the chi-square and Fisher's exact tests, as appropriate. Statistical analyses of means were performed using the unpaired Student's t-test with equal variance and without equal variance (Welch's t-test) as necessary. A p value of less than 0.05 was considered statistically significant.
Of these 62 patients, pre-and postoperative MRI studies were available for volumetric analysis for 30 patients with Knosp grade 4 NFPA. The average age is 64.8 (37-81) and there was a clear sex predilection in NFPA, with females comprising 76.7% of patients (23/30) . ►Table 1 summarizes the clinical presentations. The most common preoperative symptom related to the CS and visual function was visual disturbance (n ¼ 19), followed by oculomotor nerve palsy (n ¼ 5). There were postoperative improvements in 12/19 (63.1%) cases of visual disturbance, and in ⅗ (60%) cases of oculomotor nerve palsy. There was no apparent postoperative improvement in one patient with abducens nerve palsy, whereas two cases experienced transient abducens nerve paralysis postoperatively.
Surgical Outcomes
The outcomes assessed included the extent of resection (►Table 2) and complications (►Table 3). The goal of surgery was relief of symptoms and avoidance of complications with maximum possible tumor resection. GTR and NTR was achieved in three (10%) and nine (30%) cases, respectively. The average resection rate did not significantly differ between primary cases and recurrent cases (p ¼ 0.14).
►Table 3 presents the summary of surgical complications. No new permanent cranial palsies occurred in any of the total 30 cases. Transient abducens palsy occurred in two patients, which was fully resolved within 6 months after surgery. Postoperative CSF leakage occurred in one patient (3.3%) and meningitis in one patient (3.3%), who were recurrent cases with subdural lesions. No primary cases experienced severe complications, although one patient had mild transient abducens nerve palsy.
Discussion
After Jho and Ha
27 reported the endonasal approach to CS lesions, the EEA to the CS has been performed by other groups, mainly for the treatment of invasive pituitary adenomas. In most reports, the extent of tumor removal in cases of pituitary adenoma invasion of the CS has been discussed in relation to the Knosp grade. 20, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] However, a recent systematic review revealed that intraoperative CS invasion as judged during endoscopic surgery was different to the preoperative radiographic estimation of Knosp grade. 18 Hence, it may not be appropriate to discuss the removal rate of CS invasion in pituitary tumor cases with an estimated Knosp grade. Therefore, in the present study, the surgical outcome of pituitary adenoma was analyzed only for cases with Knosp grade 4 extension, in which the CS lateral extension was clear. In addition, the removal of CS invasion in NFPA cases is still controversial, and we intentionally excluded functioning tumors and focused on the analysis of CS invasion in NFPA.
It is difficult to compare the surgical results between open craniotomy and the EEA because of patient selection bias and surgeon familiarity. However, many articles report that the EEA is the surgical method currently preferred for CS lesions, rather than open craniotomy; this is because the concept of the "medial-to-lateral" endonasal route to the CS has been accepted as a safe approach, because the cranial nerves are located on the far side of the surgical corridor. In particular, pituitary adenomas invade from medial to lateral, and then generally push the contents of the CS in a medial to lateral direction. Therefore, the EEA is suitable not only for sellar and suprasellar lesions but also for CS invasion by pituitary adenomas. A recent review of the surgical results of CS invasion in pituitary adenoma suggests that morbidity rates are lower with the EEA than open craniotomy, reporting permanent morbidity rates of the EEA and craniotomy of 3 to 6% and 6 to 10%, respectively. 23 In addition, a systematic review of surgical methods for CS invasion in Knosp grade 3 Endonasal Approach to the Cavernous Sinus Toda et al. S313
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to 4 pituitary adenoma showed that endoscopic surgery had significantly higher GTR rates compared with microscopic surgery performed by the same team. 18 This indicates the advantage of the panoramic views provided by endoscopy, as the improved visualization may allow more aggressive resection. Our purpose of the surgery for CS invasion in NFPA was to reduce the tumor size to enable the performance of effective stereotactic radiotherapy (►Fig. 1), which is similar to the concept of the "medial-to-lateral endonasal approach" reported by Woodworth et al. 23 Their surgical concept was to aggressively remove the tumor in the medial CS, while the tumor in the lateral CS was debulked in preparation for radiotherapy. 23 In their report, GTR (> 95%) for Knosp grades but the risk of permanent cranial neuropathy was also low, with a high chance of improvement in pre-existing deficits. In our study, GTR was achieved in 10% of Knosp grade 4 cases, and the average extent of tumor removal was 73.5%; surgical complications were transient abducens palsy (6.7%), postoperative CSF leak (3.3%), and meningitis (3.3%), similarly to the results of Woodworth et al.
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Fernandez-Miranda et al 41 described anatomy-based CS compartments from the EEA perspective for pituitary adenoma. These four CS compartments are based on their relationship with the cavernous ICA: the superior compartment relates to the interclinoidal ligament and oculomotor nerve, the posterior compartment contains the gulfar segment of the abducens nerve and the inferior hypophyseal artery, the inferior compartment contains the sympathetic nerve and distal cavernous abducens nerve, and the lateral compartment includes all cavernous cranial nerves and the inferolateral arterial trunk. 41 Abducens nerve palsy is one of the highest risks in CS surgery via the EEA. These proposed CS compartments can increase pre-and intraoperative understanding of the surgical anatomy by the EEA, leading to better surgical results.
Conclusion
Considering the current good treatment outcomes of radiotherapy for CS tumors, a safe tumor debulking procedure via the EEA with minimum complications is preferable to attempting CS tumor removal in patients of NFPA, as these tumors are almost impossible to remove completely. 
